Glycosylphosphatidylinositol (GPI)-anchored proteins are essential for normal cellular morphogenesis and have an additional role in mediating cross-linking of glycoproteins to cell wall glucan in yeast cells. Although many GPI-anchored proteins have been characterized in Saccharomyces cerevisiae, none have been reported for well-characterized GPI-anchored proteins in Schizosaccharomyces pombe to date. Among the putative GPIanchored proteins in S. pombe, four -amylase homologs (Aah1p-Aah4p) have putative signal sequences and C-terminal GPI anchor addition signals. Disruption of aah3 þ resulted in a morphological defect and hypersensitivity to cell wall-degrading enzymes. Biochemical analysis showed that Aah3p is an N-glycosylated, GPIanchored membrane protein localized in the membrane and cell wall fractions. Conjugation and sporulation were not affected by the aah3 þ deletion, but the ascal wall of aah3Á cells was easily lysed by hydrolases. Expression of aah3 alleles in which the conserved aspartic acid and glutamic acid residues required for hydrolase activity were replaced with alanine residues failed to rescue the morphological and ascal wall defects of aah3Á cells. Taken together, these results indicate that Aah3p is a GPI-anchored protein and is required for cell and ascal wall integrity in S. pombe.
functions in the budding yeast Saccharomyces cerevisiae, including cell surface protection, transmembrane signaling, cell adhesion, and cell wall synthesis. 1, 2) Synthesis of GPI-anchors is essential for cell viability in S. cerevisiae, because its cell wall mannoproteins require a GPI anchor so that they can be covalently incorporated into the cell wall. 1) In the fission yeast Schizosaccharomyces pombe, genes required for the GPI biosynthetic pathway are conserved and are essential for growth, 3, 4) but relatively little is known about its cell wall proteins. Recently, the complete genome sequence of the fission yeast S. pombe was reported. 5) The putative GPI proteins were screened from the consensus sequence for the GPI modification sites at the C-terminal end of the protein. 6, 7) While 33 GPI-anchored protein candidates were found among 4,950 S. pombe ORFs based on an algorithm for the identification of fungal GPI proteins, 6) until now, no GPI-anchored protein has been well-characterized biochemically in S. pombe. Among these putative GPI proteins, it was also determined that four genes, SPCC757.12, SPAC23D3.14c, SPCC63.02c, and SPBC16A3.13, are to be classified as -amylase homologs, which catalyze endohydrolysis of -1,4-glucosidic linkages in starch and related oligosaccharides and belong to glucoside hydrolase family 13. 8) Although a large number of studies have described -amylaseproducing yeasts, [9] [10] [11] [12] [13] [14] S. pombe has no -amylase activity based on the halo assay. 15) We are interested in the function of putative GPIanchored -amylase homologs in S. pombe. Four genedisrupted S. pombe strains were constructed and subjected to phenotypic and biochemical characterization. The aah3Á (SPCC63.02c) cell was found to exhibit a morphological defect and hypersensitivity to a cell walldegrading enzyme, suggesting that this gene product is involved in cell wall biosynthesis. Biochemical analysis indicated that epitope-tagged Aah3p is an N-glycosylated, GPI-anchored protein that localizes to the membrane fraction, including the cell surface. These results suggest that Aah3p is localized at the cell-surface and plays a role in maintaining cell wall strength and shape.
Materials and Methods
Strains and growth conditions. S. pombe wild-type strains ARC039 (h À leu1-32 ura4-C190T) and KJ100-7B (h 90 leu1-32 ura4-D18) were used as described previously. 16) Standard rich medium contained 5 g/l yeast extract and 30 g/l glucose (YES). Synthetic minimal medium (MM) and sporulation medium (ME) have been described. 17) S. pombe cells were transformed as described previously. 18) Escherichia coli XL1-blue (Stratagene, La Jolla, CA) was used in all cloning procedures.
Cloning and gene disruption. Genes encoding theamylase homolog proteins were cloned into pGEM T-EASY vector or pGEM T vector (Promega, Madison, WI) following PCR amplification with appropriate primers. 1.5 kb of aah3 (SPCC63.02c) gene fragment amplified PCC63.02C-1 and -3 as primer (Table 1) was ligated into pGEM-T EASY vector, the Kpn I and Sma I sites within the cloned aah3 fragment were digested, and a 1.6 kb ura4 þ marker was inserted. 1.3, 1.0, and 1.8 kb DNA fragments, including the whole or a part of the ORF of aah1, aah2, and aah4 respectively, were also amplified from wild-type S. pombe genomic DNA and subcloned into pGEM-T EASY. Linealized DNA fragments carrying disrupted genes were used to transform parent strains ARC039 and KJ100-7B, and stable transformants were selected. Gene disruption was confirmed by colony-PCR using appropriate primers.
Plasmid constructs. Plasmid pALaah3 was constructed as follows: The aah3 ORF containing the predicted promoter region from S. pombe chromosomal DNA was amplified by PCR using primers PCC63.02C-A (sense) and -B (antisense) ( Table 1) . The corresponding PCR product was ligated into pGEM-Teasy vector. After digestion with Nco I, the resulting fragment was purified and treated with BAP, and cloned into the corresponding site of plasmid pAL (SK þ ).
Plasmid pALaah3HA with a triple influenza virus hemagglutinin (HA) epitope inserted between amino acids 505 and 506 was constructed as follows. The sequence of HA (5 0 -TACCCATATGACGTTCCAGA-CTACGCGTATCCGTACGACGTTCCGGATTACGC-TTACCCTTACGACGTACCTGACTACGCT-3 0 ) was amplified by PCR with primers PHAF and PHAR. The amplified fragment was then subcloned into pGEM-Teasy vector. Two separate fragments of aah3 were amplified either with primers PN1F and PN1R (1-1514 nucleotides from 5 0 -terminal of ORF), and digested with Xho I and Hind III, or with primers PC1F and PC1R (1515-1695), and digested with Sal I and Sac I. These amplified fragments were then ligated with the HA fragments and digested with Hind III and Sal I, and inserted into LEU2-based plasmid pAL (SK þ ), resulting in plasmids pALaah3HA.
Site-directed mutagenesis. Aspartic acid residue at position 229 and glutamic acid residue at position 253 in the -amylase active site of Aah3p were replaced with an alanine residue by PCR using four primers (DA-1, DA-2, EA-1, and EA-2 in Table 1 ). Primers DA-1 and EA-1 (200 pmol each) were phosphorylated using 10 units of T4 polynucleotide kinase (New England BioLabs, Boston, MA), 1 mM ATP, and 2 ml of 10X kinase buffer A. PCR was conduced with two primer pairs, phosphorylated DA-1 and DA-2, with pALaah3-HA as template, using KOD plus (Toyobo, Osaka, Japan) as the Taq polymerase. The amplified fragments were ligated using ''Ligation high'' (Toyobo), yielding plasmid pALaah3HA (DA). pALaah3HA (EA) was also constructed using two primer pairs, EA-1 phosphorylated and EA-2 by the same protocol. The replaced nucleotides were confirmed by DNA sequencing.
Glucanase sensitivity. The glucanase sensitivity of S. pombe cells was evaluated as described previously. 19, 20) S. pombe cells were grown to mid-logarithmic phase in MM medium at 30 C. Cells were harvested, washed in 50 mM citrate phosphate buffer (pH 5.6), and resuspended at an OD 600 of 4.0 in the same buffer, containing 0.1 mg/ml Novozym 234 or 0.01 mg/ml Zymolyase 100T. Cell suspensions were incubated at 30 C without shaking, and cell lysis was monitored by measuring OD 600 .
Cell wall -glucan content. Cell walls were isolated as described previously, 21, 22) and treated with Zymolyase 100T to digest -glucan. -glucan and the carbohydrate content of the -glucanase resistant cell wall pellets were measured using phenol-sulfuric acid. 23) 
Name
Nucleotide sequence (5 0 -3 0 )
The polysaccharides in the supernatant from the Zymolyase 100T reaction consisted of -glucan and galactomannan, while -glucan was found in the pellet. 24) Deglycosylation of Aah3p-HA. To elucidate whether Aah3p-HA is N-glycosylated, aah3Á cells containing plasmid pALaah3HA were cultivated in 100 ml MM medium without L-leucine at 30 C for 24 h to an OD 600 of 1.0-2.0. The cells were centrifuged at 3;000 Â g for 10 min, washed once with distilled water, resuspended in LY buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 150 mM NaCl, containing the protease inhibitor cocktail (Roche Diagnostics, Tokyo, Japan) and then broken by shaking with glass beads, as described above. The lysate was centrifuged at 1;000 Â g for 20 min, and the supernatant was collected and centrifuged again at 10;000 Â g for 20 min. The pellet was confirmed to contain the membrane fraction (data not shown). The membrane pellet was resuspended in 100 ml of LY buffer, and an aliquot of lysate (10 ml) was mixed with 5 ml of NE buffer (New England BioLabs, Boston, MA). The mixture was boiled for 10 min, an additional 5 ml of endoglycosidase H (New England BioLabs) was added, and the mixture was then incubated at 37 C for 1 h.
PI-PLC and TritonX100 treatment of Aah3p-HA.
To elucidate how Aah3p-HA is linked to the membrane, the membrane pellet of aah3Á cells containing plasmid pALaah3HA was homogenized and centrifuged as described above, resuspended in buffer A (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM DTT) or in TritonX-100 buffer (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM DTT, 2% Triton X-100) and incubated at 4 C for 30 min, or resuspended in PI-PLC buffer (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM DTT, containing 50 U/ml PtdIns-specific phospholipase C, PI-PLC, from Bacillus cereus (Sigma, St. Louis, MO), and incubated at 37 C for 2 h, and then centrifuged at 10;000 Â g for 20 min.
Glucanase treatment of the cel-wall fraction. The cell wall, prepared as described above, corresponding to 5 Â 10 5 aah3Á cells containing plasmid pALaah3HA, was incubated in 100 mM sodium acetate, pH 5.5, 1 mM EDTA, the protease inhibitor cocktail (Roche Diagnostics, Tokyo, Japan) and 100 mU/ml -glucanase at 37 C for 1 h.
Western blot analysis. Samples were subjected to SDS-PAGE 25) and electrotransferred to a nitrocellulose membrane (Hybond ECL; Amersham Pharmacia Biotech, Uppsala, Sweden) in 0.025 M Tris-HCl, 0.192 M glycine buffer, containing 20% (v/v) methanol. The blotted membrane was blocked with 1.0% skim milk in PBS-T (25 mM phosphate, pH 7.5, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature with gentle agitation, incubated with antibody against HA (monoclonal 3F-10 diluted 1,000-fold in PBS-T, Roche Diagnostics), washed three times with PBS-T for 10 min, incubated with horseradish peroxidase-linked anti-rat IgG diluted 10,000-fold in PBS-T (Amersham Pharmacia Biotech), and detected using the ECL plus detection system (Amersham Pharmacia Biotech).
Actin visualization. A portion (1.5 ml) of the exponentially growing culture was fixed by the addition of formaldehyde to 5% for 30 min. The cells were washed twice in PBS and resuspended in 200 ml PBS containing 0.1% (w/v) saponin. They were then incubated for at least 2 h at room temperature with 0.5U Alexa 488conjugated phalloidin. The cells were washed three times with PBS and observed under a fluorescent microscope.
Analysis of acid phosphatase. Acid phosphatase from fission yeast was analyzed as described previously, 26) with the following modifications. Cells were grown in 20 ml MM medium to an OD 600 of approximately 3. To induce production of acid phosphatase, 4 Â 10 8 cells were centrifuged, resuspended in 20 ml of MM medium containing 14.6 mM potassium acetate without potassium hydrogen phthalate or Na 2 HPO 4 , and incubated at 30 C for 2 h. The cells were then collected by centrifugation, washed once in 62.5 mM Tris-HCl, pH 6.8, and suspended in 240 ml of ice-cold lysis buffer (62.5 mM Tris-HCl, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 0.1 mM dithiothreitol, and 10% glycerol, pH 6.8). Cell lysates were prepared by vigorously vortexing the cell suspension containing 0.5-mm glass beads 15 times for 10 s each time at 4 C. The lysates were centrifuged at 14;000 Â g for 10 min. Supernatants were recovered, and 10 ml aliquots were mixed with 1/3 volume of 0.01% bromphenol blue, 15% glycerol, and 62.5 mM Tris-HCl, pH 6.8. Samples were immediately subjected to electrophoresis on 6% native polyacrylamide gels. Electrophoresis and activity staining were performed as described previously. 27) 
Results
Four -amylase homologs in S. pombe BLAST searches of the S. pombe genome database with the -amylase catalytic domain identified a total of eight open reading frames encoding -amylase homologs. Hydropathy profiles showed that the four ORFs, designated SPCC757.12, SPAC23D3.14c, SPCC63.02c, and SPBC16A3.13 for aah1 þ to aah4 þ (alpha-amylase homologue), have hydrophobic regions at their N-and C-termini, consistent with an analysis using an algorithm for the identification of fungal GPI proteins ( Fig. 1B) . 6, 7) Numbering of the aah genes was based on the amino acid identity of Taka-amylase A, and aah4 þ has already been identified as meu7 þ . 28) In Takaamylase A, three acidic residues (one glutamic and two aspartic acids) were located at the center of the active site, as determined by X-ray crystallography. 29) The proton donor (Glu230), the catalytic nucleophile (Asp206), and the second aspartic acid (Asp297) were highly conserved, and these residues are essential for catalytic activity of Taka-amylase. 19, 30) These amino acid residues were also conserved in the Aah1 to three proteins (Fig. 1A) .
The aah3 disruptant is glucanase hypersensitive and defective in cell morphology
To elucidate the roles of the four -amylase homologs, four single gene-disrupted strains were constructed, aah1Á-aah4Á. None of the aah genes was found to be essential for viability since the disruptants grew well at 30 C and 37 C ( Fig. 2A) . Among them, only aah3Á cells were round or pear-shaped under normal growth conditions (Fig. 2B) . The morphological defect of aah3Á cells was not rescued in the presence of 1.2 M sorbitol-YES medium (data not shown). Furthermore, the disruptant was hypersensitive to Zymolyase 100T, a purified -glucanase preparation that hydrolyzes most -glucan, and to Novozym 234, a cell wall-digesting enzyme containing -glucanase and -1,3-glucanase (Fig. 2C) . These results suggest that the aah3Á disruptant has a defective cell wall. But the wall structure of aah3Á cells was not found to be different from that of wild-type cells, as determined by Calcofluor white staining and by estimation ofand -glucan content measured as described previously (Fig. 2D ). 21) Actin localization, protein glycosylation, and secretion of aah3 disruptant
Since morphological observation determined that loss of Aah3p function had a significant effect on cell morphology, the localization of F-actin was investigated. The cortical patches of wild-type cells were highly polarized, being concentrated at both growing ends (data not shown). The aah3Á cells displayed comparatively normal actin structures under these conditions.
To confirm the effect of gene disruption on protein glycosylation, the electrophoretic mobility of acid phosphatase, a typical N-linked glycoprotein in S. pombe, 27) was investigated. Cell extracts from wildtype and aah3Á were subjected to native polyacrylamide gel electrophoresis, and the position of acid phosphatase was detected by activity staining. The gel mobility of the protein produced in the aah3Á cells was indistinguishable from that in wild-type cells. This result indicates that protein glycosylation of secreted glycoproteins occurs independently of Aah3p. Furthermore, we tried to determine whether aah3Á showed a defect in the exocytic pathway using GFP fused with the pho1 leader peptide (SPL-GFP), which is secreted from ER through the Golgi apparatus and from the Golgi to the plasma membrane. 31) In aah3Á cells, SPL-GFP was efficiently secreted to the medium as well as wild-type cells, suggesting that the exocytic pathway of aah3Á was also normal (data not shown).
The aah3 disruptant has a defective ascal wall
Among the four aah disruptants constructed, only aah3Á cells exhibited an ascal wall defect (Fig. 3A) . Aah3Á cells could conjugate and sporulate, and developed into asci containing four ascospores within 48 h of transfer to sporulation medium, indicating that mating and sporulation were not impaired. But while the ascal walls remained intact in the majority of wild-type tetrads during the following 48 h, more than 90% of the ascal walls of aah3Á tetrads lysed to release individual ascospores (Fig. 3B) . These results suggest that aah3 is also involved in maintenance of the ascal wall.
Aah3p is an N-glycosylated and GPI-anchored membrane protein
We proceeded to a biochemical analysis of Aah3p by tagging Aah3p with three tandem copies of the HA epitope (Aah3p-HA). A pAL-based plasmid harboring Aah3-HA (pALaah3HA) was constructed and used to transform aah3Á cells. The pALaah3HA plasmid was found to complement the morphological defect ( Fig. 4A ) of aah3Á cells, indicating that Aah3p-HA was functional. Based on analysis of C-terminal amino acid sequences, Aah3p was presumed to be a membraneassociated GPI-anchored protein (Fig. 1B) . To confirm that Aah3p-HA was localized to the membrane, a membrane pellet of aah3Á cells containing plasmid pALaah3HA was isolated and subjected to Western blot analysis using an anti-HA antibody, either directly or after treatment with endoglycosidase H. Aah3p-HA was Fission Yeast GPI-Anchored Protein found in the membrane pellet with an apparent molecular weight of 72 kDa. The molecular weight decreased to 63 kDa following endoglycosidase H treatment (Fig. 4B ). This result indicates that more than one Nlinked oligosaccharide was attached to the seven potential Aah3 N-glycosylation sites. The manner in which Aah3p associates with the membrane was also investigated. A membrane fraction of aah3Á cells containing pALaah3HA was treated with either Triton X-100 at 4 C for 30 min or PI-PLC at 37 C for 2 h and centrifuged, and the supernatants and precipitates were subjected to western blot analysis using anti-HA antibody (Fig. 4C, lanes 1-4) . A band corresponding to Aah3p-HA was detected in the precipitates when incubated in buffer A (Fig. 4C, lanes 1 and 2) , whereas some of the Aah3p-HA signal was transferred from the precipitate to the supernatant in the presence of the detergent Triton X-100 (Fig. 4C, lanes 3 and 4) . By PI-PLC treatment, Aah3p-HA was transferred to the supernatant fraction (Fig. 4C, lanes 5 and 6) , indicating localization to the membrane fraction through a GPI anchor. But Aah3p-HA was also observed in the cell wall fraction (Fig. 4D ). This is similar to what has been reported for Gas1p, which is considered to be an Nglycosylated, GPI-anchored membrane protein, and has also been observed in the cell wall fraction. 32, 33) 
Conserved amino acids required for hydrolytic activity in -amylase homolog of Aah3p are necessary for cell wall integrity
Because glucanase hypersensitivity and the morphological defects described were complemented by plasmid pALaah3HA (Fig. 5A and B) , hypersensitivity assay was used to examine several point mutations. As mentioned above, the conserved amino acids required for hydrolytic activity of -amylase homolog of Aah3p are highly conserved. Therefore, the aspartic acid residue at position 229 and the glutamic acid residue at position 253, presumed to act as nucleophile and proton donor respectively, were mutated to alanine (Fig. 1A) . The resulting mutant alleles D229A, Aah3p-HA (DA), and E253A, Aah3p-HA (EA), failed to complement the impaired resistance to Zymolyase 100T (Fig. 5A) , and the morphological defect (Fig. 5B) . A, The wild-type strain and the eight -amylase gene disruptants were streaked onto solid YES medium and incubated at 30 and 37 C. B, The wild-type (WT) strain and aah3Á strain were grown in MM medium without L-leucine to mid-exponential phase, mounted directly on glass slides, and photographed using Nomarski optics. C, Cells were grown at 30 C to mid-logarithmic phase in MM containing the required supplements. They were then washed and incubated in 50 mM citrate phosphate (pH 5.0) containing 0.01 mg/ml Zymolyase 100T or 0.1 mg/ml Novozym 234 for 90 min without shaking. Samples were taken for OD 600 measurement at the indicated time points. D, The cell wall contents were measured as described in Experimental Procedure. Fig. 4 . Aah3p-HA Is an N-Glycosylated GPI-Anchored Membrane Protein. A, Wild-type (WT) cells harboring plasmid pAL (SK þ ) and aah3Á cells harboring plasmid pAL (SK þ ) or pALaah3HA were grown in MM medium without L-leucine to mid-exponential phase for 2 d at 30 C, mounted directly on glass slides, and photographed using Nomarski optics. B, A membrane pellet of aah3Á cells containing plasmid pALaah3HA was treated with endoglycosidase H. It was then subjected to Western analysis using anti-HA. Lane 1, fraction not treated with endoglycosidase H; lane 2, fraction treated with endoglycosidase H. MW values (kDa) of standards are indicated on the left. C, A membrane fraction of aah3Á cells containing plasmid pALaah3HA was treated without TritonX-100 or PI-PLC (lanes 1 and 2) , with TritonX-100 at 4 C for 30 min (lane 3 and 4) or with PI-PLC at 37 C for 2 h (lanes 5 and 6), centrifuged at 10;000 Â g for 20 min, and fractionated into precipitate (lanes 2, 4, and 6) and supernatant (lanes 1, 3, and 5) fractions. Precipitate and supernatant were subjected to Western analysis using an antibody against HA. MW values (kDa) of standards are indicated at the left. D, The membrane pellet and the -glucanase-treated cell wall fraction of aah3Á cells harboring plasmid pALaah3HA were analyzed by Western blotting using an antibody against HA. Lane 1, membrane pellet; lane 2, cell wall fraction. Each lane contains approximately 5 Â 10 5 cells.
Fission Yeast GPI-Anchored Protein These catalytic amino acids were also required to maintain a normal ascal wall, because neither mutant rescued the ascal wall defect (Fig. 5C ). These results suggest that these amino acids in Aah3p are required for normal cell and ascal wall maintenance.
Discussion
In this study, Aah3p was initially identified as a GPIanchored S. pombe protein. GPI anchors are transferred to certain secretory glycoproteins and ultimately anchor these proteins in the external face of the plasma membrane. It is known that S. pombe has a GPI anchoring pathway similar to that found in mammalian cells 4) and contains 33 GPI-anchored candidate proteins among 4,950 ORFs. 6) As of this writing, no GPIanchored S. pombe proteins have been identified biochemically. As a class, GPI-anchored proteins may be involved in cell wall biosynthesis and remodeling, and are thought to play a role in adhesion and virulence. Consistent with the former supposition, aah3Á cells exhibited a cell wall defect.
The architecture of the S. pombe cell wall differs from that of S. cerevisiae. The major S. pombe cell wall structural components are -1,3-glucan (50-54% of total polysaccharides) and -1,3-glucan (28-32%). 34, 35) This latter polymer is not present in S. cerevisiae. S. pombe undergoes morphogenetic changes during both the vegetative and sexual cell cycle, which require asymmetric cell growth and actin cytoskeleton reorganization. 36, 37) The processes of cell wall biosynthesis, including synthesis, degradation, and reconstruction, appear to be required for normal growth. In S. pombe cells, -1,3-glucan, synthesized by Ags1p/Mok1p, 21, 22) is an essential component of the cell wall and is involved in the primary step of glucan bundle formation, acting to frame and strengthen the wall, and in conjunction with the -1,3-glucan, to maintain its cylindrical shape. 38) The precise enzyme activity and intracellular substrates for Aah3p are still unknown. Since S. cerevisiae has no apparent ortholog for the -amylase homologs, the Aah3 protein is presumed to catalyze the degradation were subjected to the reaction. B, Wild-type harboring pAL (SK þ ), aah3Á strain harboring pAL (SK þ ), pALaah3HA, pALaah3HA (DA) and pALaah3HA (EA) were grown in MM medium for 2 d at 30 C, mounted directly on glass slides, and photographed using differential interference contrast (Nomarski) optics. C, Wild-type strain (h 90 ) harboring pAL (SK þ ), aah3Á strain (h 90 ) harboring pAL (SK þ ), pALaah3HA, pALaah3HA (DA), and pALaah3HA (EA) were grown on an ME plate to induce sporulation. After incubation at 30 C for 2 d, cells were mounted directly on glass slides and photographed using Nomarski optics. or reconstruction of fission yeast -glucan. We examined -amylase activity using soluble starch as a substrate, but, no starch-degrading activity was detected in either cell lysates or culture media from S. pombe wild-type ARC039 (h À ) or KJ100-7B (h 90 ) strains during vegetative growth or meiosis (our unpublished results). Recently, S. pombe -1,3-glucanases Agn1p and Agn2p were reported. 39) These proteins possess endoglucanase activity, and are involved in cell separation and endolysis of the ascal wall during sporulation. 40) Several enzymes from S. cerevisiae involved in cell wall remodeling through digestion of -1,3-glucan were investigated, e.g., Gas1p, a GPI-anchored -1,3-glucanosyltransferase that plays a role in yeast cell wall biosynthesis, 39, 41) and Bgs2p, which is also a -1,3glucosyltransferase. 42, 43) On the other hand, the enzymes from S. pombe involved in cell wall remodeling through digestion of -1,3-glucan are unknown. While aah3Á cells exhibit both Zymolyase 100T and Novozym 234 hypersensitivities, the cell wall components of the disruptant cells are not different from that of the wildtype, as determined by Calcofluor white staining and estimation ofand -glucan contents. The conserved amino acid residues required for hydrolytic activity ofamylase were also conserved in Aah3p, the proton donor (Glu-253), the catalytic nucleophile (Asp-229), and the second conserved aspartic acid (Asp-322) (Fig. 1A) . Aah3p point-mutation experiments showed that these conserved residues are required for normal functioning of Aah3p, but these residues are not required for Aah3p localization (data not shown). These results provide evidence for a relationship between the hydrolytic activity of Aah3p and cell wall integrity in S. pombe. Since Aah3p is not -1,3-glucanases, 39) It might possess transglycosylation activity that degrades the -1,3glucan molecule internally and transfers the newly generated reducing end to the non-reducing end of another -1,3-glucan molecule. Further studies on the catalytic activity and in vivo substrates of Aah3p should clarify these functions.
The functions of the other -amylase homologs, aah1, 2, and 4, were not analyzed in this study. Consistent with previous report 44) and based on gene expression profiles in the S. pombe gene database, the mRNAs of theseamylase genes (meu7 þ /aah4 þ ) were specifically detected in S. pombe wild-type h 90 strains during meiosis and sporulation, but the present results indicate that single disruptants have no affect on meiosis or sporulation. Therefore, the Aah proteins other than Aah3p have redundant functions, and double and multiple gene disruptions might be needed to elucidate their roles in meiosis and sporulation in S. pombe.
